Image registration is an important problem in breast imaging. It is used in a wide variety of applications that include better visualization of lesions on pre-and post-contrast breast MRI images, speckle tracking and image compounding in breast ultrasound images, alignment of positron emission, and standard mammography images on hybrid machines et cetera. It is a prerequisite to align images taken at different times to isolate small interval lesions. Image registration also has useful applications in monitoring cancer therapy. The field of breast image registration has gained considerable interest in recent years. While the primary focus of interest continues to be the registration of pre-and post-contrast breast MRI images, other areas like breast ultrasound registration have gained more attention in recent years. The focus of registration algorithms has also shifted from control point based semiautomated techniques, to more sophisticated voxel based automated techniques that use mutual information as a similarity measure. This paper visits the problem of breast image registration and provides an overview of the current state-of-the-art in this area.
Introduction
Breast cancer is the most common cancer found in women today. In the year 2004, it is estimated that there will be approximately 215,919 new cases of invasive breast cancer and about 40,110 deaths in the United States (1). Breast cancer is most effectively treated when detected at an early stage (2), and X-ray mammography is currently the primary imaging technique for the detection and diagnosis of breast lesions (3). However, mammographers miss about 10% of all cancers, especially those in dense breasts (4). It is estimated that approximately two-thirds of these missed cancers are detected retrospectively by radiologists (5) (6) . In addition, about two-thirds of lesions sent to biopsy turn out to be benign. This high miss rate and low specificity is due to the low conspicuity of mammographic lesions and the noisy nature of the images, as well as the overlying and underlying structures that obscure features of interest in the projection radiographs.
This has led to the investigation of alternative imaging modalities, such as MRI (7), ultrasound (8), CT (9) , et cetera for the detection and diagnosis of breast cancer. While MRI has several advantages, such as the tomographic nature of the images, ability to image dense breasts as well as a lack of radiation, the detection of breast cancer in MRI requires the injection of a contrast agent such as Gadolinium DTPA. The contrast agent uptake curves of malignant lesions differ from benign lesions, and this property can be used to identify cancerous lesions. To quantify the rate of uptake, a 3-D MRI scan is acquired prior to the injection of contrast media, followed by a dynamic sequence of 3-D MRI scans. Selective Radhika Sivaramakrishna, Ph.D. Synarc, Inc. 575 Market Street 17th Floor San Francisco, CA 94105, USA contrast uptake by a lesion can be better visualized on images created by subtracting the pre-contrast image from the post-contrast image. However, in all these situations, any motion of the patient between scans, normal respiratory, or cardiac motion, complicates the estimation of the uptake rate. Thus, the images taken before and after contrast injection need to be registered or aligned for better visualization of the lesion as well as better estimation of contrast uptake.
It has been estimated that reliable detection and removal of tumors by the time they reach 4 mm in diameter corresponds to a 25-year metastasis rate of only 0.6% (2, 10) . It has also been argued (10) that better visualization of tumors can be achieved by imaging the breast in 3D. Because many of the normal structures found within the breast will probably be of the same size as the small tumors we are looking for, the most reliable way to detect small tumors is by their growth relative to local tissue. This growth is best estimated by subtracting two aligned images of the breast taken at different times. This again underlines the need for good image registration.
3-D compound imaging or the use of multiple look directions has been used in breast ultrasound scans to increase detection and delineation of specular reflectors as well as better gray scale spatial resolution (11). However, the resolution of these images is greatly affected by refraction and movement artifacts. Again, image registration has also been used in this scenario to remove tissue deformation and thus minimize resolution losses. The registration of images collected from different isonation angles can also be used in Doppler imaging, where the color flow acquisitions do not detect blood flow well when its direction of motion is normal to the direction of the ultrasound beam and where accurate triangulation can measure flow velocity. Speckle tracking has a wide range of applications in medical ultrasound. For example, it is used in: (i) the estimation of two-dimensional blood velocity vectors; (ii) estimation of internal strain of a tissue under compression through measurements of tissue displacement through speckle movement; and (iii) strain compounding, a speckle reduction technique in which the tissue motion resulting from external compression must be accounted for so that the images to be compounded are spatially matched. Once again, image registration techniques are used to solve this problem.
Predicting breast tissue deformation through the use of biomechanical models has gained considerable interest for various applications that include: (i) better understanding of the difference between mechanical properties of tumor and normal tissue; (ii) estimating how tissue could deform under compression; and (iii) relating pre-and post-operative surgery images (12). Image registration has been used to define and validate these models as well as to relate images taken at different times under different compressions and tissue deformations. Murthy et al. (13) , have recently developed an instrument for positron emission mammography (PEM) that performs highresolution metabolic imaging of breast cancer. Images of glucose metabolism are obtained after injection of FDG. The PEM detectors are integrated into a conventional mammography system, allowing acquisition of the emission images immediately after the mammogram, without subject repositioning. Wire frame registration is used to align positron emission mammography (PEM) images to traditional mammography images, for better localization of lesions.
Image registration could also be used to monitor therapy progress, detect multifocal secondary masses as well as discriminate benign from malignant lesions.
Although excellent reviews on image registration have been written in the past (14), most of the literature on image registration has been focused on brain image registration. Breast image registration has been recognized as an important problem only over the last few years. There is thus no cohesive review to capture the state-of-the-art in 3D breast image registration, which is the focus of this paper.
Image Registration
The problem of registration arises whenever images acquired from different scanners, at different times, or from different subjects, need to be combined for analysis or visualization. In other words, image registration is the process of overlaying two images, A (the reference) and B (the target), such that they are brought into spatial correspondence with each other. The problem of aligning the two images is equivalent to the problem of estimating a transformation T, such at T(A) = B. This is also equivalent to the process of determining an unwarped image B * (derived from A), that is close in some numerical sense, to B.
Image registration methods can be classified in one of 9 ways (15, 16 These categories will be discussed further in context with the literature on 3D breast image registration. In Maintz's original categorization (15), the last category referred to the application area, which is breast imaging in our case; hence this will not be discussed further.
Dimensionality
While the bulk of breast image registration methods focus on 3D/3D registration (3D pre-and post-contrast images MRI (17), registration of several 3D ultrasound volumes prior to 3D compounding (18), breast biomechanical model validation (19)), there has also been interest in the 2D/3D problem to register PEM images to traditional mammography images (13).
Nature of Registration Basis
Extrinsic and Non-image based Methods: Although this is used extremely rarely in breast image registration, a recent PEM system developed by Murthy et al. (13) registers PEM images to conventional mammography using a wire frame. This is discussed in more detail in the next section.
Intrinsic Methods:
Landmark and Segmentation based Algorithms: These methods consist of: (i) extraction of geometric features called control points which correspond to anatomical structures from each image; (ii) determination of the type and parameters of the mapping function using known coordinates of control points; and (iii) geometric transformation of the reference image by means of the mapping function to obtain the unwarped image with gray level resampling (20). Since there are few reliable geometric features in breast images, techniques are focused on novel approaches to extracting reliable control points (20).
Voxel property Based Algorithms: These methods use the full image content to determine the transformation between two images (21). These algorithms often are iterative and require a measure or function of similarity between the images or sub-images to be evaluated at every iteration to determine the progress of the registration process (22). Thus, a similarity measure defines how close the unwarped image is to the target image at each iteration. Several possible similarity measures have been discussed in the literature (23) and primarily fall into two categories: those based on entropy (e.g. normalized mutual information, (24, 25)) and those based on correlation (e.g. normalized cross correlation (26)). Most of the recent literature on breast MRI registration uses voxel based techniques (17, 22, 27) , with normalized mutual information as a similarity measure. A subset of these algorithms will be discussed in more depth in the next section.
Nature of Transformation
An image coordinate transformation is called rigid when only translations or rotations are allowed. If the transformation maps parallel lines to parallel lines, it is called affine. If the transformation is a warp, where local regions in the image move by different amounts, then this is called an elastic or non-linear transformation. Earlier literature on breast image registration used rigid (28) or affine (29) registration approaches. However, more recent work reflects understanding of the nonlinear nature of breast deformation (17, 18, 22, 27) .
Domain of Transformation
Domains of transformations are generally divided into global transformations (applied to the entire image) and local (applied to subsections of the image which have their own transformations defined). Most rigid and affine techniques discussed in earlier literature are global. Recent work is focused on correcting the overall misregistration with global techniques, followed by local registration approaches for further fine-tuning (22).
Interaction
This category classifies registration techniques based on the amount of user invention required, ranging from highly interactive techniques to fully automated approaches. Earlier techniques used interaction to supply control points (20, 29) to the algorithm. More recent techniques are almost totally automated (22).
Optimization Procedure
Most voxel based registration techniques involve an optimization process to move the reference image closer to the target image in an iterative approach. Algorithms could differ based on the type of optimization procedure. Popular techniques include exhaustive search, simple gradient descent (22), simulated annealing (30), conjugate gradient descent (27), and Newton-Raphson (31).
Modalities Involved
Most breast image registration approaches are monomodal (MR/MR, ultrasound/ultrasound, etc.), although some techniques have been looking into multimodal approaches to take advantage of information from different modalities (13).
Subject
Unlike brain imaging, where several intersubject and atlas registration techniques have been reported in the literature, most breast image registration algorithms fall into the category of intrasubject registration (images acquired of a single patient). This is also because of the lack of a "breast atlas" that patient images could be registered to.
In summary, most breast image registration approaches deal with monomodal, intrasubject images. While there is a general trend towards automated, nonrigid voxel based approaches with mutual information as the similarity measure of choice, especially in MRI breast image registration, semiautomated, landmark-based methods still continue to appear in the literature. The next section will provide an overview of these techniques divided based on the application or modality.
Common Techniques used in Different Breast Image Registration Applications

Pre-and Post-contrast Breast MRI Registration
The first method proposed for pre-and post-contrast breast MRI registration was the rigid registration algorithm proposed by Zuo et al. (28) . This algorithm computed a rigid transformation between the two images by minimizing the ratio of variance between them. Krishnan et al. (32) registered breast MRI images by modeling the motion as a set of translations in each of the three orthogonal directions. An affine registration algorithm was proposed by Kumar et al. (33) . Lucht et al. (34) reported a slice-oriented control-point based procedure for the problem.
More recent methods in breast MRI pre-and post-contrast registration focus on voxel based techniques that use full image content to identify the transformation between reference and target images. The landmark paper in this application was the paper by Rueckert et al. (22, 35) . This paper used a combined transform that includes a global affine transformation to describe the overall motion of the breast, and a local transformation to model the local deformation of the breast. The local deformation was modeled using a freeform deformation (FFD) based on B-splines (36). FFDs deform an object by manipulating an underlying mesh of control points. Each deformation was constrained to be smooth by using a suitable penalty function. The algorithm was also implemented as a multi-resolution hierarchical approach for computational efficiency. Figure 1 shows a maximum intensity projection (MIP) of the difference images of a contrast-enhanced patient study without registration, with rigid, affine, and nonrigid registration. Although the tumor can be recognized after registration with all three techniques (a-c), it is most clearly visible in (d). Rohlfing et al. (17) claimed that although mutual information is an effective similarity measure for rigid registration, it does not prevent contrast-enhancing structures from substantially changing size in nonrigid registration. Tanner et al. (37) documented that contrast-enhancing lesions often shrink substantially in contrast-enhanced magnetic resonance (MR) breast images. Lesions that showed the highest relative volume loss are typically nearly spherical and have little or no contrast relative to the surrounding tissue in the pre-contrast image (see Figure 2 ). Rohlfing proposed a modification to Rueckert's original approach by using a novel regularization term to constrain the deformation in order to preserve volume. Their approach is flexible in the sense that by suitably adjusting the weighting on the regularization term, one can move from a constrained to an unconstrained approach. They recommend a multi-resolution algorithm that alternates between these two approaches, for better registration and volume-preserving performance. Rohlfing et al. (38) have also modified the algorithm suitably to accommodate a parallel implementation. This was done by identifying those components of the algorithm that could be parallelized (for example computation of joint histograms of different non-overlapping areas of the image) and implementing these in a multithreaded approach. While other voxel based approaches have been discussed in the literature for breast MRI (27), these have been applied to registration of 2-D images and have only reported preliminary results.
Ultrasound Breast Image Registration 3D Ultrasound Registration: Although a majority of techniques in ultrasound image registration consisted of controlpoint based semi-automated approaches, voxel based techniques have also been proposed. The difficulties with ultrasound images relate to speckle, shadowing, geometric distortions due to refractions, low contrast between some structure, and reduced resolution in deep structures; hence these images are more challenging to register. Mosalisk et al. (11) perform registration of compound images by identification of suitable control points, performing affine registration using these points and suitable interpolation across the rest of the image. Meyer et al. (29) iteratively register ultrasound images by refining user-specified control points by maximizing mutual information followed by suitable interpolation. images. The position that maximizes the local voxel similarity measure under a suitable regularization constraint is found and this is used to form the deformation field of the image. Figure 3 shows an example of this. Neemuchwala et al. (40) pose the registration problem as a database indexing and retrieval problem. The indexing and retrieval problem consists of: (i) selecting image features that discriminate between different image classes and yet have translation, rotation, and scale invariance; (ii) applying a suitable index function that quantifies feature similarity; (iii) fast searching for best match. This paper uses feature similarity measures based on Renyi's α-entropy function that includes mutual information type measures, and their α variants and α-Jenson difference. Feature tags and independent component analysis (ICA) coefficient vectors (more robust for comparison than single pixels) are extracted and compared using minimal spanning trees.
Speckle Tracking: Speckle tracking typically involves matching and searching between two images. The general approach consists of defining overlapping blocks within the reference image and searching for these blocks within the target image (within a suitably defined search region). The best location in the target image of the reference block (based on a similarity measure) gives the displacement of the central pixel in the reference block. While most techniques in this area use the sum of differences between a reference and target block as a similarity measure, Li et al. (41) use a block sum pyramid approach to define similarity. The block sum pyramid approach derived from video processing is a measure based on motion estimation. An important difference between motion estimation in video processing and speckle tracking is that while the former is region based, the latter is pixel based, because of potential soft tissue deformation and nonuniform blood velocity distribution. In order to reduce the computational complexity of the algorithm, Li et al. use a hierarchical multi-resolution approach. (22) to evaluate the accuracy with which biomechanical breast models based on finite element methods (FEM) can predict the displacements of tissue within the breast. Different biomechanical models were selected by changing the process of mesh generation, boundary condition definition and tissue elastic property assumptions.
Biomechanical Breast Models
Experimental data was obtained by compressing a volunteer's breast in a controlled manner. MR images were taken before and after compression. Non-rigid registration of these two MR volumes along with interactive identification of corresponding landmarks provided an independent esti-mate of the displacements. These experiments revealed that accurate boundary condition setting was more important than the actual choice of tissue elastic properties. Although this work is preliminary, it could lead to important applications in surgery to link images taken before and during surgery, as well as in the registration of 3D breast images to standard 2D mammograms taken with breast compression. Other work in this area includes preliminary work by Samani et al. (12) , where they have presented automated techniques for mesh generation in the FEM procedure. Qui (42) constructed 3D biomechanical FEM models using phantoms and 3D MRI images that could ultimately be used to relate multimodality and multiview breast images. Miga (31) presented preliminary work in elastography for reconstructing tissue elastic properties using an iterative non-rigid registration with mutual information as a similarity measure.
Other Applications
PEM/Mammography Registration: The PEM system developed by Murthy et al. (13, 43) uses two planar detectors, attached to a support pole, that are mounted on a standard mammographic magnification table attached to a suitable gantry. The detectors are positioned above and below the breast with the system initially set up for a craniocaudal view, with tandem movement in the horizontal direction.
The upper detector can slide on the support pole so that the detector separation can be adjusted to match the thickness of the compressed breast. Mediolateral views can be obtained by rotating the entire detector assembly with the gantry of the mammography unit. During the acquisition of the mammogram, the PEM detectors remain outside the FOV of the x-rays, but come into view over the compressed breast during acquisition of the emission image. This arrangement allows acquisition of mammograms and emission FDG PEM images without subject repositioning and hence facilitates accurate co-registration of images from the two modalities (43). A co-registration tool in the form of a steel wire frame that is visible on the mammogram is attached to the upper detector to allow precise positioning of the PEM detectors over the breast, with the area enclosed by the wire frame being nominally equal to the useful FOV of the PEM system. The sides of the rectangular frame have regularly spaced markers that are used for scaling emission images to match the size of the mammograms (44). Figure 4 shows a co-registered image of the breast for a true-positive PEM study. The best-focused emission (PEM) image in color is scaled and superimposed on the digitized mammogram shown in gray scale. The white outline of the wire frame is used to scale the emission image to match the mammogram.
Digital Mammography/3D Breast Ultrasound Co-registration: Image registration also plays an important role in combining 3D ultrasound with full-field digital mammogra-phy (FFDM) to integrate the sensitivity of mammography and the specificity of ultrasound in the same patient examination (45). This is achieved by integrating a frame for holding a compression paddle with an automated ultrasound probe mover assembly. This system is directly mounted above the flat panel digital mammography detectors on a standard FFDM system. The probe mover assembly translates the probe holder carrying a high-frequency ultrasound transducer over the compression paddle with the breast in stable com-pression. The probe positioning system is calibrated with respect to the compression paddle, so as to achieve accurate co-registration of the 3D ultrasound and digital mammography images. Once the images are obtained, information in them can be integrated in different ways, including synchronized displays that map positions on the digital mammography images to integrated 2D ultrasound images for better visualization of structures observed on one or both modalities. MRI/Mammography Registration: Ruiter et al. (46) A biopsy plug used to guide the biopsy needle can be positioned through the lateral compression plate, while the medial compression plate has a thin acoustical membrane, which enables US imaging. The breasts are immobilized with a pair of frames and interchangeable inserts. A pair of fiducial markers and slots on the compression frame, allow attachment of MR imaging coils, or an US transducer positioning system with 5-degree of freedom positioning. MRI is initially used to locate the fiduicals, and the US transducer position is adjusted such that the target will be located in the middle of the transducer-imaging field. Once this is done, US is used in real-time to guide proper needle positioning. Table I provides an overview of the algorithms discussed divided according to application area.
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Discussion and Conclusions
Amongst different breast image registration problems, the most commonly solved or visited problem appears to be the registration of pre-and post-contrast breast MRI images. This could be because of: (i) increasing use of breast MRI over recent years as well as better standardization of MRI protocols (48); (ii) greater availability of images; and (iii) better image contrast and hence an easier problem to solve.
The focus of breast registration algorithms has shifted from control point based semi-automated techniques, to more sophisticated voxel based automated techniques that use mutual information or one of its variants as a similarity measure.
While it is clearly evident that image registration will improve the visibility of interval lesions (10), and has been used to track lesions over time in other application areas such as the brain (49), lungs (50), et cetera, for a long time; the fact that breast screening is not routinely performed in 3D makes this application of breast image registration irrelevant, at least in the near term. However, it is hoped that with the increasing quest for alternate cost-effective 3D breast imaging techniques, longitudinal 3D breast image registration will become an important problem. We believe that techniques currently explored for 3D pre-and post-contrast breast MRI imaging (17, 22) can be easily used in this situation, since these techniques are robust enough to handle elastic deformations and intensity changes between the images to be registered.
Registration is increasingly being used to integrate useful information from different modalities. This is due to the fact that although the sensitivity of mammography is reasonably high, its low specificity can be vastly increased by integrating information from mammography with images from modalities of higher specificity like PET and ultrasound. This allows simultaneous correlation of structures visible on one or both modalities and can improve the confidence of diagnosis made using only one of the modalities.
In conclusion, image registration has been used in a wide variety of applications that include better visualization of lesions on pre-and post-contrast breast MRI images, speckle tracking and image compounding in breast ultrasound images, alignment of positron emission, standard mammography images on hybrid machines, et cetera. This review paper presents an overview of this problem in the context of breast imaging, and discusses current algorithms in this area.
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